Platelet-like natural crystalline graphite with nano-scale thickness was fabricated through low expansion and exfoliation processes. Graphite, as a starting material, had an average particle size of 10 mm. A graphite intercalation compound (GIC) was prepared by mixing sulfuric acid and hydrogen peroxide with the graphite. It was treated at various temperatures and retention times in the furnace to control the expansion ratio, and then ground for size reduction in the attrition mill. The size reduction efficiency increased as the expansion ratio increased to 25 vol%, after which the efficiency decreased again by over 25 vol%. Since the process of size reduction involves repeated exfoliation and expansion of graphite, it revealed a stage-by-stage decrease pattern as the grinding time increased. In this research, the exfoliation rate of platelet-like natural graphite was improved via the low expansion method. Nano-platelet-type graphite with an average particle size of 3 mm was fabricated, but its layer was 20-50 nanometers thick.
Introduction
Platelet-like natural graphite is a crystalline form of carbon. Each of its carbon atoms is covalently bonded to three carbon atoms to form a trigonal geometry. The basic trigonal units unite to produce a basic hexagonal ring, and these rings form flat sheets called layers. These layers are stacked up parallel to the crystallographic axis C. The bonding energy between these layers is so weak that they can easily slide over one another by mechanical force. These structural characteristics give graphite a very high heat resistance and a very small thermal expansion coefficient compared to other substances. Graphite also has superior thermal and electrical conductivity that allows it to be used for conductive paints, LCD panel pigments, electronic wavescreening pigments, etc. Moreover, because of graphite's excellent lubricity, it is widely used in solid lubricators, industrial apparatus oils, and other applications. These characteristics become even much better with enhanced crystallization of the graphite grain. [1] [2] [3] Accordingly, when fabricating graphite into fine powder, its crystalline/constitutional characteristics should be considered. Fine graphite particles are chiefly fabricated with a wet vibrating-ball mill. However, this is an inefficient process because it requires considerable grinding time and energy. On the contrary, grinding in a dry atmosphere has many advantages including a short grinding time and a high grinding efficiency. The lubricity of crystalline graphite, which has a layer structure, makes it very hard to fabricate sub-micron-sized particles. Maintaining the shape of graphite particles during the grinding process is very important with respect to their uses because their shape affects not only their lubricity but also their electrical and thermal conductivity. Therefore, in grinding graphite into particles, it is important to keep the particles' platelet-like shape while decreasing their size.
The dry-grinding characteristics of natural graphite have been investigated not only under various grinding conditions but also using various grinding equipment. Several researchers have reported that fine platelet-like graphite particles were fabricated by exfoliating graphite and inserting a graphite intercalation compound (GIC) between its sheets. [4] [5] [6] [7] Also, some studies on the fabrication of sub-micron-sized graphite particle powders were performed under various degrees of low atmospheric pressure using an attrition mill. [8] [9] [10] [11] These attempts to reduce the size of natural crystalline graphite to nano-scale thickness using a method that uses an attrition mill have not been effective.
This paper seeks to investigate the size reduction and the exfoliation model of platelet-like natural crystalline graphite with low expansion using the attrition mill system.
Experimental Design

Materials
Expansion occurs when intercalated acids are gasified between graphite plates and the force of the expanded gas pushes out the plates. Thus, it was very important in this study to make the expansion of the graphite sample uniform to obtain uniform exfoliated graphite plates. The uniformity of the particle size of graphite is also important. Natural flake graphite with a fixed carbon content of above 99 mass% was used as the starting material. It was ground in a jet mill (Model 100AFG, Hosokawa Micron Co., Ltd., Japan) until its average particle size was 10 mm.
Preparation of low-expanded graphite
The expansion level of graphite is relevant to its characteristics. As the ratio of the graphite expansion is increased, it becomes more difficult to control its grinding and exfoliation. Therefore, it is not efficient to fabricate excessively expanded graphite into platelet-like natural crystalline graphite with nano-scale thickness. In this study, low-level expanded graphite was prepared and ground using the attrition mill system. To prepare the low-level expanded graphite, a graphite intercalation compound (GIC) was used. It was prepared by mixing 18 moles of sulfuric acid and 35 mass% of hydrogen peroxide at a weight ratio of 5:1. After this mixture was poured into the graphite, the graphite was ground into particles with an average size of 10 mm in a jet mill. The mixture was further mixed for one hour and then cleansed with water. It was used for the GIC after it was dried for 25 h at 105 C. The gasification rate of the intercalation compound was related to the graphite's expansion level. The faster the temperature increased from room temperature to high temperature, the higher the gasification rate of the intercalation compound via thermal shock was. This subsequently enlarged the degree of expansion between the plates.
Grinding excessively expanded graphite is not only very difficult but is also inefficient, because its structure is similar to that of a sponge or an accordion. These structures absorb the impact forces generated by the grinding equipment. Their shape changes from that of a sponge or an accordion to that of a sheet via compaction and consolidation.
Thus, the expansion temperature for the fabrication of lowlevel expanded graphite must be kept steadily low, because this will slow down the gasification rate of the intercalation compound inside the GIC particle. The low-level expanded graphite was fabricated by heating the above GIC sample for 10 to 240 min at 250, 300, 350, and 400 C in the furnace. The bulk density and volume increases with the heat treatment were measured with a Powder Analyzer (Model PA-MC, Seishin Co., Ltd., Japan), after which the expansion ratio was calculated from the ratio of the volume increase to the initial volume. Figure 1 shows the schematic diagram of the attrition mill that was used to exfoliate and reduce the size of the low-level expanded graphite. The attrition mill was composed of a grinding chamber with an 18 liter volume, an agitator, and a drive motor. On the agitator, six arms hung with a diameter of 20 mm and a length of 43 mm, and its rotation speed was fixed at 600 rpm. Stainless steel balls that weighed 60 kg and had a diameter of 3 mm were used as the grinding media.
Exfoliation and size reduction
The particle size and the particle size distribution of the samples were measured with a laser micron sizer (Model LMS-30, Seishin Co., Ltd., Japan). The shape of the sample, which was observed using a scanning electron microscope (Model JSM-6400, Jeol Co., Ltd., Japan) and its crystallinity were analyzed using an X-ray diffractometer (Model D5005, Bruker Co., Ltd., Germany). Figure 2 shows a SEM photograph of the samples that were used as the starting materials. They were mostly lumps with small aspect ratios and were about 10 mm in size. The GIC samples were prepared from the graphite sample that was ground in a jet mill (Fig. 2) . The intercalation compound was mixed with sulfuric acid and hydrogen peroxide. The GIC samples were heated in the furnace at various temperatures ranging from 100 to 240 C, and the retention time was varied from 10 to 240 min. After the tapping densities of the graphite samples that expanded in each condition were measured, the expansion rates were calculated from the increased volume and the decreased bulk density. Figure 3 shows the expansion rates at various temperatures and retention times.
Results and Discussion
Expansion and size reduction
The expansion ratio was lowest (7%) when the heating temperature was 100 C, but it increased to 20% at 300 C and to 35% at 400 C. As the heating temperature and the retention time increased, the expansion rate increased, rapid expansion occurred within 30 min, and most of all, the expansion ended within 60 min. Figure 4 shows the changes in the expansion ratio within 60 min with increasing heating temperature. As the heating temperature increased, the expansion ratio also increased and reached 140% at 600 C, as shown in Fig. 4 . Also, the samples expanded for 60 min, as shown in Fig. 3 , and each 1,250 g sample was mixed with 5 liters of distilled water to investigate the relationship between the expansion ratio and the size reduction efficiency. The criterion for the size reduction efficiency was the content of the particle sized 3 mm in the ground sample. Figure 5 shows the relationship between the size reduction ratio and the expansion ratio. Figure 5 shows that size reduction efficiency was highest when the expansion ratio was 20-40%, beyond which the size reduction efficiency dropped. Presumably, this is because the excessively expanded particles absorbed the impact forces generated by the attrition mill. Therefore, to obtain high size reduction efficiency, the graphite sample was expanded at a low ratio, and the expansion ratio of 20-40% was selected as the optimum ratio. As is often the case when the slurry concentration affects the flowability and the size reduction efficiency in the grinding process, the change in the expansion ratio particularly has much influence on the flowability and the size reduction efficiency. This is because of the increase in the surface area via the expansion reaction. Therefore, the slurry concentration needed for effective size reduction must be determined.
The samples that were expanded for 60 min at various temperatures, as shown in Fig. 3 , were mixed with distilled water to produce concentrations of 10-45 mass%, after which the change in size reduction efficiency was investigated. The amount of slurry was fixed at 5 liters, and the 60-kg stainless steel balls with a diameter of 3 mm were used as the grinding media. The size reduction efficiency was determined by the generation rate for the particles sized below 3 mm. The size reduction efficiency shown in Fig. 6 was highest at an expansion ratio of 25% and a slurry concentration of 25%. Accordingly, the optimal slurry concentration for size reduction is deemed to be about 25%, and all the subsequent experiments were conducted using the sample that was prepared under this condition.
Size reduction model
The inner structure of graphite is divided into layers known as ''graphen'', or stacks of several layers, and a cluster formed by accumulated stacks. Therefore, a single graphite particle can be seen as an accumulation of lamella structures with these layers, stacks, and clusters (Fig. 7) .
The expansion of graphite can be regarded as the increase in the spaces between the component lamella structures. If the distances between the layers and the stacks expand, all the graphitic properties will change. Figure 8 shows the X-ray diffraction 002 line profiles of graphite with an expansion ratio of 25% and a slurry concentration of 25 mass% at various grinding times. The intensity of the peak can be regarded as the crystallinity of the graphite, and it decreased as the grinding time increased. The distances between the layers in the stacks are deemed unchanged because of the very slight change in the d-value. 
Size reduction ratio, mass% under 3µm
Expansion ratio, vol% Fig. 5 Change in the size reduction ratio of the ground graphite at various graphite expansion ratios (The ratio was estimated from the contents of the particles sized less than 3 mm, within a grinding time of two hours at 600 rpm.). Fabrication of Platelet-Like Natural Crystalline Graphite with Nano-Scale Thickness via Layer Distance ExpansionConsequently, the expansion reaction via the intercalation compound occurred mainly between stacks and/or between clusters, but not among the layers in the stacks. Figure 9 shows the changes in the median particle size of the sample in Fig. 8 that was ground in the attrition mill within various grinding times. The median particle size increased faster as it approached 6 mm within 150 min, and then gently decreased until 180 min. The median particle size slightly increased, however, at around 210 min. This aberration was consistently observed in the repeated experiments and measurements. This is attributed to the expansion phenomenon rather than experimental error.
The phenomenon of particle size increase in grinding with a vibration mill was often observed. Several researchers have reported that the vibration generated by a vibration mill wields a continuous impact on the internal structure that consists of graphite particles, and that this force collapses or/ and expands the structure. [12] [13] [14] We propose the model in Fig. 10 regarding the size reduction mechanism for low-level expanded graphite via exfoliation from above results. The model in Fig. 10 consists of four stages. In the first stage of Fig. 10A , the particle size of the graphite that was expanded using the low expansion method rapidly decreased with the exfoliation of the units of the clusters. Thereafter, the grinding energy of the attrition mill caused the expansion of the layers in the exfoliated clusters in the second stage as shown in Fig. 10B , such as via grinding in the vibration mill as reported by Aladekomo and Bragg in 1990.
14)
The particle size increased at around 210 min, as shown in Fig. 9 , and this increase can be attributed to the expansion phenomenon by the mechanical attack of Fig. 10 . Then the exfoliated cluster continuously repeated the exfoliation and expansion, and the rate of size reduction decreased until the process approached the division shown in the third stage of Fig. 10C . Ultimately, the division of the units of stacks can take place as shown in the last stage of Fig. 10D , but if the energy solely for size reduction is applied via grinding without particle expansion, the particle size reduction will demand a long grinding time and plateletlike graphite particle structures, which may break during the period. Figure 11 shows the SEM photographs that were studied to find evidence of the mechanism model shown in Fig. 10 . As seen in the figure, the graphite particles expanded with the increase in the distance between the clusters and stacks, after which the exfoliated particles had a thickness of dozens of nanometers. This suggests that grinding graphite particles to reduce their thickness to the nm level is difficult but possible, as shown by the study results in Fig. 10 and Fig. 11 . Figure 12 shows the results of size distribution analysis of the low-level expanded graphite that was ground for six hours. Generally, products that are ground in a vibration mill have wide particle size distributions. Not only is the classification of these products very difficult, the fabrication of products with a uniform thickness is equally difficult. In the case of size reduction via an attrition mill after a low-level expansion process, the particle size distribution can be narrow, as shown in the results in Fig. 12 .
Conclusion
Platelet-like natural crystalline graphite with a nano-scale thickness was fabricated via layer distance expansion. A GIC was prepared from this graphite with an average particle size of 10 mm, by mixing sulfuric acid and hydrogen peroxide for intercalation. The graphite expanded at a low expansion ratio at various temperatures and retention times in the furnace. Then the low-level expanded graphite was ground at various grinding times and slurry concentrations in the attrition mill. The size reduction efficiency increased as the expansion ratio increased to 25%. Not only did the size reduction efficiency decreased by over 25%, the mean particle size also increased.
No exfoliation among the layers in the stacks was observed in the XRD analysis. Therefore, the most pronounced expansion reaction occurred in the low-level expanded graphite, which is presumably attributed to the exfoliation among the clusters and the stacks in each particle.
The size reduction efficiency of the low-level expanded graphite according to the grinding time revealed a stairwaytype decreasing pattern. This may be because the size reduction process involves repeated expansion and exfoliation of the units of clusters and/or stacks. A new size reduction model with respect to such phenomenon was proposed.
Nano-platelet-type graphite powder with an average particle size of 3 mm and 20-50 nanometers thick was fabricated.
